Introduction {#S0001}
============

Chronic obstructive pulmonary disease (COPD) is a heterogeneous disease characterized by persistent respiratory symptoms and irreversible airflow limitation. It has become the fourth leading cause of death worldwide,[@CIT0001] and in the coming decades, further increases in COPD morbidity and mortality are expected.[@CIT0002] Epidemiological data has proved that cigarette smoking is the most common risk factor for COPD development and progression throughout the world. The airway epithelium is the first line of defense against noxious particles or gases entering the lungs. Increasing evidence has demonstrated that airway epithelial cell dysfunction plays a critical role in COPD pathogenesis.[@CIT0003],[@CIT0004]

Epigenetic alternations including DNA methylation, post-modifications of histone modification, and non-coding RNAs are increasingly studied in the context of COPD. In eukaryotic cells, histone acetylation is related to chromatin structure and gene expression.[@CIT0005] Histone acetyltransferases (HATs) and deacetylases (HDACs) are responsible for the acetylation status of a given chromatin locus.[@CIT0006] HATs can provide transcriptional machinery access to the DNA template by catalyzing the acetylation of histones. Conversely, HDACs are responsible for the removal of acetyl groups from the lysine residues of histones, resulting in transcriptional repression.[@CIT0006] HBO1 (histone acetyltransferase binding to ORC1) is a member of the HAT family that possesses a highly conserved MYST domain.[@CIT0007] The MYST domain contains an acetyl-CoA binding motif and a zinc finger and is responsible for the catalytic activity of HBO1.[@CIT0008] HBO1 acts on histones H3 and H4 and engages in a variety of biological processes including DNA replication and transcriptional regulation.[@CIT0009] During the G1 phase of the cell cycle, HBO1 can interact with Cdt1 and be recruited to perform the replication functions required for loading the minichromosome maintenance (MCM) complex onto origin DNA and the assembly of pre-replicative complexes (pre-RCs).[@CIT0010] During the S phase, HBO1 is required for the acetylation of H3K14, which is necessary for CDC45 recruitment and activation of DNA replication.[@CIT0011] Deleting HBO1 from embryonic cells causes a reduction of global H3K14 acetylation and decreases the expression of genes that regulate embryonic development.[@CIT0012] Conversely, HBO1 can lead to excessive cell replication and proliferation in tumors.[@CIT0013]--[@CIT0015]

In the present study, we assessed the involvement of HBO1 in COPD pathogenesis.

Materials And Methods {#S0002}
=====================

Subjects {#S0002-S2001}
--------

Peripheral lung tissue specimens were obtained from patients who underwent resection for lung cancers. The tissue specimens were resected at least 5 cm away from the cancerous tissue. We included 32 subjects: nonsmokers (n=15), and smokers with COPD (n=5) and without COPD (n=12). The diagnosis of COPD was followed by the guidelines of the Global Initiative for Chronic Obstructive Pulmonary Disease (GOLD) ([<http://www.goldcopd.com>]{.ul}). The patients with COPD had airflow limitation (forced expiratory volume in 1 s/forced vital capacity \[FEV1/FVC\] \<0.7). Subject age, sex, smoking history, and lung function (FEV1~pred~ and FEV1/FVC) are listed in [Table 1](#T0001){ref-type="table"}. Exclusion criteria consisted of lung diseases other than COPD and lung tumors, other systemic diseases, pulmonary infection and antibiotic exposure up to 4 weeks before surgery, use of inhaled or oral glucocorticoids up to 3 months before surgery, a history of chemotherapy or radiotherapy, and a history of occupational exposure. The study was approved by the Clinical Trial and Ethics Committee of the Second Xiangya Hospital of Central South University. Written informed consent was obtained from all human subjects before their enrollment into the study, which was conducted in accordance with the Declaration of Helsinki.Table 1Clinical Characteristics of the Study SubjectsCharacteristicNonsmokers (n=15)Smokers Without COPD(n=12)Smokers with COPD (n=5)Age, years58.60±7.4854.92±12.2962.00±5.61Male, n, (%)1(6.67%)11(91.67%)5(100%)Smoking, (pack-year)-20 (10, 30)38.00±19.24FEV1pred, %98.72±11.9594.73±15.6063.78±12.95\*^\#^FEV1/FVC, %4.49(73.74, 78.23)77.54±5.3056.21±8.42\*^\#^[^2][^3]

Animals {#S0002-S2002}
-------

The emphysema mouse model was built according to the protocol of previous study.[@CIT0016] with slight modifications. Six-week-old, specific pathogen-free, BALB/c mice (21--23 g each) (Slyke Jingda, Hunan, China) were injected intraperitoneally with cigarette smoke extract (CSE) or phosphate-buffered saline (PBS) at days 0, 11, and 22 (0.3 mL per injection). Lentivirus (10^9^ ifu/mL) (GeneChem, Shanghai, China) or PBS (0.1 mL) was injected intratracheally at day 14. The animals were sacrificed on day 28. All animal care and experimental protocols were approved by the Animal Care and Use Committee of Hunan Provincial People's Hospital and were conducted in accordance with the committee's animal care and use guidelines.

CSE Preparation {#S0002-S2003}
---------------

Cigarettes (Furong, Changde Cigarette Company, Hunan, China) were combusted using a modified syringe-driven apparatus (products of 5 cigarettes were collected in 10 mL PBS for animal experiments, and products of 1 cigarette were collected in 20 mL Dulbecco's minimum essential media \[DMEM\] for cell experiments). Each cigarette contained 12 mg tar, 1.1 mg nicotine, and 14 mg carbon monoxide. The smoke was bubbled through DMEM/PBS then filtered through a 0.2-μm pore-size filter. The 100% CSE sample was titrated to a pH of 7.2--7.4 and diluted with DMEM/PBS to obtain the required concentration. CSE was freshly prepared for every experiment.

Cell Lines and Culture {#S0002-S2004}
----------------------

HBECs were purchased from the Chinese Academy of Sciences (Shanghai, China) and cultured in DMEM (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum and 50 U/mL penicillin and streptomycin (Gibco,Thermo Fisher Scientific, Waltham, MA, USA) at 37°C in a 5% CO~2~ culture chamber. Starvation for 24 h was performed before exposure to CSE, siRNA, and/or lentivirus.

Small-Interfering RNA Preparation and Transfection {#S0002-S2005}
--------------------------------------------------

HBECs were cultured in a 12-well plate for 24 h to 40--60% confluence in complete medium without antibiotics. Then, non-targeting negative control siRNA or HBO1 siRNA (RiboBio, Guangzhou, China) were transfected at 50 nM for 48 hours following the manufacturer's instructions.

Lentivirus HBO1 Preparation and Transfection {#S0002-S2006}
--------------------------------------------

HBO1 and the vector lentivirus were transfected into HBECs following the manufacturer's instructions. Lentivirus was transfected into the HBECs at a multiplicity of infection of 10. Cells positive for green fluorescent protein were considered infected.

Isolation of RNA and Real-Time Polymerase Chain Reaction (PCR) {#S0002-S2007}
--------------------------------------------------------------

The total RNA was isolated from HBECs using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and then treated with DNase I (Invitrogen) according to the manufacturer's instructions. Total RNA was then reverse-transcribed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Subsequently, real-time PCR was performed using a StepOne Plus real-time PCR system (Life Technologies, Carlsbad, CA, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. The sequences of all primers used were:

HBO1-F: 5′-AAAAGTTGGCTCCCCAGAAC-3′

HBO1-R: 5′-GCCGTCTCCTGACTGATTTC-3′

GAPDH-F: 5′-TCAAGAAGGTGGTGAAGCAG-3′

GAPDH-R: 5′-CGTCAAAGGTGGAGGAGTG-3′

Western Blot Analysis {#S0002-S2008}
---------------------

The total isolated soluble proteins were measured using bicinchoninic acid assay kits, separated by polyacrylamide gel electrophoresis, transferred onto polyvinylidene fluoride membranes, then incubated with antibodies to HBO1 (ab190908, Abcam, Cambridge, UK), BCL-2 (ab196495, Abcam), and H3K14ac (\#7627s, Cell Signaling Technology, Danvers, MA, USA). After washing, membranes were incubated with goat anti-mouse and goat anti-rabbit IgG horseradish peroxidase-conjugated secondary antibodies (Proteintech Group, Inc., Rosemont, IL, USA). The bound complexes were detected using enhanced chemiluminescence (Santa Cruz Biotechnology, Dallas, TX, USA). The data were normalized to β-actin or H3 levels.

Lung Tissue Morphometry {#S0002-S2009}
-----------------------

Lung tissue samples were fixed in 4% formaldehyde, cut into 3.5-mm-thick sections, and stained with hematoxylin and eosin (HE). Morphometry was quantified by the values of mean linear intercept (MLI) and destructive index (DI) at a magnification of 100× as previously described.[@CIT0016]

Lung Immunohistochemistry (IHC) {#S0002-S2010}
-------------------------------

Sections were incubated with anti-HBO1 (ab190908, Abcam) to detect HBO1 expression. Scoring was performed according to the method of Chiappara et al[@CIT0017] with slight modification. The results were blindly evaluated by two investigators. HBO1 expression was classified according to the staining intensity: no staining (0), weak staining (1), moderate staining (2), or strong staining (3). The staining areas were scored as 0 (0%), 1 (1--10%), 2 (11--50%), and 3 (51--100%). The staining index was calculated as the product of the proportion of positive cells and the staining intensity score. High-power fields of bronchial tissues were randomly sampled, and calculations were performed on five images per section. The average score of five images from each tissue section was used for statistical analyses.

TUNEL Analysis {#S0002-S2011}
--------------

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assays were performed with an in situ Apoptosis Detection Kit (Hoffman-La Roche Ltd., Basel, Switzerland). We randomly selected 5/9 areas to measure the apoptotic index (AI). Fields containing non-parenchymal structures such as large airways or vessels were excluded.

Flow Cytometry (FCM) Analysis {#S0002-S2012}
-----------------------------

HBECs were harvested from 6-well plates and washed with PBS twice, centrifuged (800 rpm, 5 min), then mixed with 500 µL binding buffer. After resuspension, 10 µL propidium iodide (PI) and Annexin V-fluorescein isothiocyanate (FITC) were added, following the manufacturer's instructions (KGA108, KeyGen, Nanjing, China). Finally, the HBECs were examined with the flow cytometer (A00-1-1102, Beckman, USA).

Statistical Analysis {#S0002-S2013}
--------------------

The data are presented as mean ± SEM. Statistical significance was calculated using one-way analysis of variance (ANOVA) or Kruskal--Wallis tests.

Results {#S0003}
=======

HBO1 Protein Decreased Significantly in COPD Airway Epithelium {#S0003-S2001}
--------------------------------------------------------------

The study subjects' baseline characteristics are presented in [Table 1](#T0001){ref-type="table"}. Age, FEV1~pred~, and FEV1/FVC did not differ between groups. The numbers of pack-years between smoking groups were not significantly different. The values of FEV1~pred~ and FEV1/FVC in the smokers with COPD group was significantly decreased compared to the nonsmokers and smokers without COPD groups.

HE staining was performed to detect the degree of emphysema in peripheral lung tissue specimens. The results showed that the degree of emphysema in smokers with and without COPD was much more severe than in nonsmokers ([Figure 1A](#F0001){ref-type="fig"}). By Western blot, HBO1 protein levels were significantly downregulated in smokers with and without COPD compared to nonsmokers ([Figure 1D](#F0001){ref-type="fig"} and [E](#F0001){ref-type="fig"}). Next, IHC analysis demonstrated that HBO1 was distributed in the airway epithelium, and its abundance was significantly downregulated in smokers compared with nonsmokers. ([Figure 1B](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}). These results indicated that HBO1 protein levels were significantly decreased in the airway epithelium of COPD patients.Figure 1HBO1 expression in peripheral lung tissue. (**A**) HE staining of peripheral lung tissue. (**B**) IHC staining of HBO1 in peripheral lung tissue. (**C**) The mean IOD of HBO1 in the airway epithelium. (**D** and **E**) The levels of total HBO1 and H3K14ac protein in specimens were measured by Western blot. P-values were calculated by analysis of variance (ANOVA). \**P*\<0.05.**Abbreviation:** HBO1, histone acetyltransferase binding to ORC1.

HBO1 Attenuates Cell Apoptosis and Emphysema in the Mouse Model {#S0003-S2002}
---------------------------------------------------------------

In mice exposed to CSE, HBO1 protein levels detected by Western blot and IHC were significantly decreased ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). The MLI and DI values were significantly increased in the CSE group compared with the control group, and the values were decreased in Lenti-HBO1 groups compared with Lenti-NC groups ([Figure 2C](#F0002){ref-type="fig"}). Furthermore, HBO1 protein levels negatively correlated with the MLI and DI ([Figure 2D](#F0002){ref-type="fig"}). We performed TUNEL assays to clarify whether decreased HBO1 was associated with apoptosis in the CSE-exposed mouse model. The results showed significantly fewer TUNEL-positive cells in the control and Lenti-HBO1 groups compared to the CSE and Lenti-NC groups, respectively ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). These results indicate that HBO1 could attenuate CSE-induced cell apoptosis and emphysema in mouse models.Figure 2HBO1 expression in mice. (**A**) IHC staining of HBO1 in lung tissues of mice in each group. Control: mice exposed to PBS. CSE: mice exposed to CSE. CSE+Lenti-NC: mice exposed to CSE and negative control virus. CSE+Lenti-HBO1: mice exposed to CSE and HBO1 virus. (**B**) The levels of total HBO1 and H3K14ac protein in specimens were measured by Western blot. (**C**) Morphometric measurements of MLI (μm) and DI (%) were performed in each group. (**D**) Correlation analysis of MLI and DI with HBO1 expression in mice. Results are expressed as mean±SD. \**P*\<0.05.**Abbreviations:** CSE, cigarette smoke extract; DI, destructive index; HBO1, histone acetyltransferase binding to ORC1; MLI, mean linear intercept.Figure 3TUNEL staining in lung tissue of mice. (**A**) Green cells are TUNEL-positive. (**B**) Statistical analysis of the AI in different groups. Results are expressed as mean±SD. \**P*\<0.05.**Abbreviations:** AI, apoptosis index; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

HBO1 Prevents CSE-Induced Apoptosis in HBECs {#S0003-S2003}
--------------------------------------------

We sought to determine whether HBO1 could prevent the apoptosis of HBECs exposed to CSE. FCM analysis with Annexin V-FITC/PI staining showed HBEC apoptosis was significantly upregulated in the CSE and Si-HBO1 groups when compared with the control and Si-vector groups, respectively. HBO1 overexpression in the Lenti-HBO1 group reduced the apoptosis of HBECs exposed to CSE compared with the Lenti-NC group ([Figure 4](#F0004){ref-type="fig"}). These results illustrate that HBO1 can prevent CSE-induced apoptosis in HBECs.Figure 4Apoptosis of HBECs exposed to CSE/siRNA/virus. (**A**) Apoptosis analysis using Annexin V-FITC/PI staining and FCM. Control: HBECs exposed to DMEM. CSE: HBECs exposed to CSE (5% CSE at 24 h). Si-vector: HBECs exposed to non-targeting negative control siRNA. Si-HBO1: HBECs exposed to siHBO1. Lenti-NC: HBECs exposed to negative control lentivirus and CSE (5% CSE at 24 h). Lenti-HBO1: HBECs exposed to HBO1 lentivirus and CSE (5% CSE at 24 h). (**B**) Apoptosis index of HBECs in the different groups. Results are expressed as mean±SD. \**P*\<0.05.**Abbreviations:** CSE, cigarette smoke extract; HBECs, human bronchial epithelial cells; HBO1, histone acetyltransferase binding to ORC1.

CSE Decreases HBO1 Protein Expression in HBECs {#S0003-S2004}
----------------------------------------------

Next, we sought to elucidate the possible mechanism by HBO1 prevents CSE-induced apoptosis in HBECs. We detected HBO1 expression in HBECs exposed to CSE. Dose- and time-dependence were observed for HBEC expression of HBO1 protein ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}). However, mRNA levels did not differ in HBECs exposed to different concentrations of CSE ([Figure 5C](#F0005){ref-type="fig"}). These results indicate that CSE decreases HBO1 protein levels but not mRNA levels.Figure 5Effect of HBO1 expression in HBECs exposed to CSE. (**A**) HBO1 protein levels in HBECs were measured by Western blot. (**B**) Densitometry was performed to measure HBO1 protein levels, which were normalized to β-actin levels. (**C**) HBO1 mRNA levels in HBECs exposed to CSE for 24 h were measured by real-time PCR. Results are expressed as mean±SD. \**P*\<0.05 compared with the control group.**Abbreviations:** CSE, cigarette smoke extract; HBECs, human bronchial epithelial cells; HBO1, histone acetyltransferase binding to ORC1.

HBO1 Is Required for H3K14 Acetylation {#S0003-S2005}
--------------------------------------

To detect the possible mechanism by which HBO1 prevents CSE-induced apoptosis in HBECs, we measured the expression of H3K14ac in lung specimens and HBECs. H3K14ac protein was significantly decreased in the human specimens ([Figure 1D](#F0001){ref-type="fig"}), lung tissues of mice ([Figure 2B](#F0002){ref-type="fig"}), and HBECs ([Figure 6](#F0006){ref-type="fig"}). The protein levels of BCL-2 and H3K14ac were significantly decreased in the Si-HBO1 group compared with the Si-vector group. HBO1 overexpression in the Lenti-HBO1 group led to upregulated H3K14ac and BCL-2 protein levels ([Figure 6](#F0006){ref-type="fig"}). These results indicate that HBO1 is required for H3K14 acetylation and BCL-2 protein expression in HBECs exposed to CSE.Figure 6The protein levels of HBO1, H3K14ac, and BCL-2. (**A** and **B**) The protein levels of HBO1, BCL-2, and H3K14ac in HBECs were measured by Western blot. (**C** and **D**) The relative expressions of HBO1, BCL-2, and H3K14ac in HBECs. Results are expressed as mean±SD. \**P*\<0.05 compared with the control group. ^\#^*P*\<0.05 compared with the Si-vector group. ^Δ^*P*\<0.05 compared with the CSE+Lenti-NC group.**Abbreviations:** BCL-2, B-cell lymphoma-2; CSE, cigarette smoke extract; HBECs, human bronchial epithelial cells; HBO1, histone acetyltransferase binding to ORC1.

Discussion {#S0004}
==========

Our results showed that HBO1 protein levels were significantly downregulated in the airway epithelium of patients with COPD, and HBO1 overexpression can attenuate CSE-induced cell apoptosis and emphysema in mice. In vitro, HBO1 can prevent the apoptosis of CSE-exposed HBECs. Moreover, HBO1 is required for H3K14 acetylation and BCL-2 protein expression. These findings illustrate that HBO1 is required for H3K14 acetylation and the survival of HBECs exposed to CSE.

Histone acetylation has been well documented in the pathogenesis of COPD.[@CIT0018] The levels of H4 acetylation in smokers and H3 acetylation in ex-smokers were significantly increased compared with nonsmokers.[@CIT0019] Significant decreases in HDAC activity and protein levels, attributed to histone hyperacetylation, were also reported in COPD.[@CIT0020] The hyperacetylation of histones is associated with pro-inflammatory cytokine expression, which is an important mechanism for the chronic inflammation in COPD. An imbalance of HATs and HDACs may affect the acetylation status of H3/H4. However, HAT activity was not significantly different in patients with or without COPD.[@CIT0020]

HBO1 protein levels in CSE-exposed HBECs were significantly decreased, but mRNA levels were not significantly different. It seems that the effect of CSE on HBO1 expression is at the level of its stability, rather than its transcription. As a possible mechanism, HBO1 is phosphorylated by MeK1 and then targeted by the ubiquitin E3 ligase subunit FBXW15 for recognition, site-specific ubiquitination, and degradation.[@CIT0021]

HBO1 is a member of the HAT family and exerts acetyltransferase activity towards H3 and H4 chromatin substrates by forming HBO1 complexes, including ING4/5, and scaffold proteins (JADE or BRPF).[@CIT0011],[@CIT0022],[@CIT0023] In our study, HBO1 was required for H3K14 acetylation in vivo and in vitro. The acetylation of H3K14 is associated with multiple physiological processes including cell proliferation,[@CIT0012],[@CIT0021],[@CIT0024],[@CIT0025] embryonic development,[@CIT0012] and fetal liver erythropoiesis.[@CIT0022] The H3 and H4 lysine residues acetylated by HBO1 were determined by the scaffold proteins, including JADE1/2/3 and BRPF1/2/3, but how HBO1 complexes modulate the acetylation of lysine 14 of H3 is still unknown.

Apoptosis of epithelial and endothelial cells is one of the most important mechanisms in COPD development.[@CIT0026] We observed a clear effect of HBO1 on the regulation of apoptosis in CSE-exposed HBECs, which may be a reasonable explanation for the role of HBO1 in COPD development. Kueh and colleagues demonstrated that the development of HBO1-deficient embryos was arrested at the 10-somite stage.[@CIT0012] The decrease in HBO1 or H3K14ac protein levels could be a useful biomarker of CSE-induced apoptosis in HBECs.

HBO1 is involved in multiple molecular processes including DNA replication origin binding and DNA-binding transcriptional factor activity.[@CIT0027],[@CIT0028] HBO1 acetylates both H3 and H4, which is important in DNA replication licensing and the completion of DNA replication. HBO1 interacts with Cdt1, associating MCM2-7 with chromatin to trigger DNA replication during the G1 phase; in the S phase, DNA replication is terminated by Cdt1 degradation and geminin recruitment.[@CIT0027] Cell cycle arrest in the G1 phase was reported in A549 cells with HBO1 silencing.[@CIT0021] The abnormalities of DNA replication and cell cycle arrest caused by HBO1 degradation may explain the apoptosis of HBECs exposed to CSE. However, the connection between H3K14 acetylation and BCL-2 expression is still unknown, and the precise molecular mechanism requires further research. Understanding the mechanism of HBO1 in modulating CSE-exposed HBEC apoptosis will help clarify the pathogenesis of COPD.

Although HBO1 plays a critical role in the pathogenesis of COPD, especially in airway epithelial cell apoptosis, the specific molecular mechanism of HBO1 on regulating histone acetylation and apoptosis needs to be further explored.

Conclusions {#S0005}
===========

In summary, HBO1 protein levels were downregulated significantly in the airway epithelium of patients with COPD. HBO1 can attenuate CSE-induced cell apoptosis and emphysema in mice. In vitro, HBO1 can prevent the apoptosis of HBECs exposed to CSE. The results might be related with the level of H3K14 acetylation. These findings demonstrate that HBO1 plays a protective role in COPD pathogenesis, and enhancing its expression may be a new therapy to prevent COPD.
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